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Abstract
Previously, two binding sites for the secondary quinone QB in the photosynthetic reaction center (RC) from
Rhodopseudomonas viridis were identified by X-ray crystallography, a ‘proximal’ binding site close to the non-heme iron,
and a ‘distal’ site, displaced by 4.2 Aî along the path of the isoprenoid tail [C.R.D. Lancaster and H. Michel, Structure 5
(1997) 1339^1359]. The quinone ring planes in the two sites differ by roughly a 180‡ rotation around the isoprenoid tail. Here
we present molecular dynamics simulations, which support the theory of a spontaneous transfer of QB between the distal site
and the proximal site. In contrast to earlier computational studies on RCs, the molecular dynamics simulations of QB
migration resulted in a proximal QB binding pattern identical to that of the crystallographic findings. Also, we demonstrate
that the preference towards the proximal QB location is not necessarily attributed to reduction of QB to the semiquinone, but
already to the preceding reduction of the primary quinone QA and resulting protonation changes in the protein. Energy
mapping of the QB binding pocket indicates that the quinone ring rotation required for completion of the transfer between
the two sites is improbable at the distal or proximal binding sites due to high potential barriers, but may be possible at a
newly identified position near the distal binding site. ß 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction
Life on earth depends on the ability of photosyn-
thetic organisms to convert solar energy into bio-
chemically amenable energy. A central role in the
photosynthetic process is played by the photosyn-
thetic reaction center (RC), an integral membrane
protein^pigment complex. The RCs from purple bac-
teria, where light-induced electron transfer steps are
coupled to proton transfer reactions, are the best
characterized membrane protein complexes (cf. [1^
4] for reviews). The RC catalyzes the light-induced
reduction of ubiquinone (UQ) to ubihydroquinone
(or ubiquinol, UQH2) involving the uptake of two
protons from the cytoplasm and the oxidation of
cytochrome c2 in the periplasm. After light-induced
electron transfer within the RC from the primary
donor, a ‘special pair’ of bacteriochlorophyll mole-
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cules, to the primary quinone QA, the electron is then
transferred to a secondary quinone, QB, which is
UQ-9 in the RC from the non-sulphur purple bacte-
rium Rhodopseudomonas (more recently suggested to
be renamed Blastochloris [5]) viridis. While QA can
accept only one electron, QB functions as a ‘two-
electron gate’ [6], and after a second reduction and
the uptake of two protons from the cytoplasm, the
ubiquinol leaves its binding site to be reoxidized by
the cytochrome bc1 complex, which results in the
release of protons on the periplasmic side of the
membrane. This proton transport produces a trans-
membrane electrochemical potential that drives ATP
synthesis through the ATP synthase. Thus the cou-
pling of proton and electron transfer at the QB site of
the RC (see [7] for a recent review) is an important
step in the energetics of photosynthetic bacteria [8].
The three-dimensional structure of the RC from R.
viridis was the ¢rst structure of a membrane protein
to be described in atomic detail (PDB entry 1PRC
[9^12]). More recent X-ray crystallographic studies of
the QB binding pocket of the RCs of R. viridis [13]
and Rhodobacter sphaeroides [14,15] have prompted
discussion about the existence of two binding sites
for the secondary quinone (QB) in the binding pock-
et. These binding sites, referred to as ‘proximal’ and
‘distal’ binding sites (as derived from the relative
distance from the RC’s non-heme iron center), are
separated by approximately 4.2 Aî in both RCs (see
Fig. 1). In the reinvestigation [13] of the original data
1PRC for the R. viridis RC, occupancies of 30% of
the distal (1PRCnew) and 20% of the proximal bind-
ing site with native UQ-9 were concluded [16]. The
isoprenoid tail was resolved up to seven isoprene
units (UQ-7 model) in 1PRCnew. Stowell et al. [15]
reported predominant binding of QB at the distal
binding site in R. sphaeroides RC crystals frozen in
the dark (a substrate mixture of UQ-2 and native
UQ-10 was used in this study). Crystals frozen under
illumination exhibited apparent exclusive occupation
of the proximal binding site with QB substrate, which
was interpreted to be in the radical anion state (Q3B ).
Several crystallographic studies report that the UQ
ring is £ipped by 180‡ around the isoprenoid tail at
the distal binding site as compared to the ring ori-
entation at the proximal binding site [13^15]. The X-
ray structural data for distal binding of QB are less
reliable [16] than those for proximally bound QB in
the case of the R. viridis RC structure (2PRC). For
2PRC crystals of complexes of the RC with UQ-2
were examined and yielded structural information of
2.5 Aî resolution with quantitative occupation of the
proximal binding site [13]. An X-ray structural study
of QB-depleted R. viridis RCs showed ¢ve to six
water molecules bound to the region of the proximal
UQ ring binding site, while a detergent molecule re-
placed the hydrophobic tail [13].
The theoretical electron transfer rate from Q3A to
QB, if calculated as described by Page et al. [17], is by
2.5 orders of magnitude (i.e. a factor of 300) faster if
QB is at the proximal binding site than if it is located
at the distal binding site. A mechanistic model was
developed [13,18] suggesting that the UQ substrate
from the membrane quinone pool ¢rst binds to the
distal binding site, followed by a movement to the
proximal binding site, where it is reduced to Q3B .
Inferred from the crystallographic observations, this
transfer is accompanied by a 180‡ ring £ip. However,
in order to enable a UQ ring £ip in the region be-
tween the binding sites, a substantial widening of the
binding pocket from the geometry found in the crys-
tal structures would be necessary. A molecular dy-
namics study by Grafton and Wheeler [19] showed
that a spontaneous movement of the QB substrate
from the distal to the proximal binding site can
Fig. 1. The distal (black structure, coordinates from 1PRCnew)
and proximal QB binding sites (gray structure, coordinates from
2PRC) in the R. viridis RC. Three water molecules are bound
to the proximal site while UQ is distally bound (open spheres).
Hydrogen bonds are indicated by dashed lines between Ile L224
N and UQ O4 (distally bound QB); Ile L224 N, Gly L225 N
and UQ O1, His L190 NN and UQ O4 (proximally bound QB).
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take place in the R. sphaeroides RC at T = 300 K.
However, these simulations resulted in a proximal
QB position and orientation consistent neither with
the reference structure [15] nor with any of the other
RC crystal structures (reviewed in [20]). The UQ ring
is rotated by 180‡ as compared to the orientation
observed in [15], since the transfer of the QB sub-
strate occurred without a simultaneous ring £ip, re-
sulting in a hydrogen-bonding pattern di¡erent from
all of those in the crystal structures. Moreover, the
position of the ring is not identical with [15], leading
to a binding pattern di¡ering from that in this crystal
structure.
It is reported that the QB transfer yielded a struc-
ture comparable to proximal binding only when the
acidic side chains of Glu L212 and Asp L213 were
both protonated [19]. This prerequisite cannot be
relevant for the R. viridis RC since residue Asp
L213 is not conserved. Instead, it is replaced by the
non-acidic Asn L213. Therefore, QB movement
from the distal to the proximal binding site is ex-
pected to be based on di¡erent mechanistic details
in the R. viridis and possibly also the R. sphaeroides
RC.
This paper presents a computational study of the
dynamics and underlying electrostatic and mechanis-
tic principles of UQ transfer within the QB binding
pocket of the R. viridis RC in the presence of neutral
QA and reduced Q3A states, respectively. Adiabatic
mapping calculations were performed to qualitatively
compare the activation enthalpy needed for UQ ring
rotation at a number of sites within the binding re-
gion. A site where this activation barrier is signi¢-
cantly reduced and which might enable a ring iso-
merization (ring £ip) is presented. Our simulations
along the path from the distal to the proximal bind-
ing site indicate that the binding site of QB can be
in£uenced by the protonation state of the protein in
response to reduction of the primary quinone.
2. Materials and methods
The initial atomic positions were taken from the
PDB entry 2PRC [13] containing 1186 amino acid
residues, four bacteriochlorophyll molecules, two
bacteriopheophytins, the quinone QA, and one non-
heme iron center. In addition, 532 crystallographic
water molecules were taken from PDB entry
1DXR, based on a 2.00 Aî crystal structure of a
R. viridis RC [21]. The initial QB position was taken
from the model 1PRCnew [13], which is available
from http://www.mpibp-frankfurt.mpg.de/Vroy.lan-
caster/rc/1prc_new.html. Adiabatic mapping calcula-
tions were based upon the structural models 2PRC
[13], 1PRCnew [13] and 1PRCflipnew (see below) as well
as structures obtained from the molecular dynamics
simulations. Since the UQ isoprenoid tail was located
only up to 7 units in 1PRCnew, a UQ-7 model was
used for QB in the simulations started from 1PRCnew.
For the adiabatic mapping of the UQ ring rotation, a
UQ-0 model was used with the atomic positions up
to UQ C7 adapted from 2PRC [13]. In a number of
simulations, a model without water molecules occu-
pying the proximal binding site while QB is distally
bound was used. Other simulations were based on a
model with three water molecules at this site, as de-
scribed for 1PRCnew.
For simulations started from 1PRCflipnew, the UQ
ring bound at the distal binding site in the structural
model 1PRCnew was £ipped by 180‡ around the iso-
prenoid tail prior to energy minimization and the
simulation runs (1PRCflipnew) in order to start from a
structure with the same ring plane as seen at the
proximal binding site in 2PRC. Otherwise the struc-
tural model was left unchanged from 1PRCnew.
Again, a model without proximally bound water
molecules was used for a series of simulations, while
other simulations were based on a model including
three water molecules at this site.
2.1. Molecular dynamics simulations
The program suite X-PLOR version 3.1 [22] was
used to perform all simulations. Polar hydrogens
were added by the hbuild routine [23]. Simulations
were started after a 200 cycle conjugate gradient (Po-
well) energy minimization [24]. The system was equil-
ibrated at a temperature of 300 þ 5 K by Berendsen
coupling [25]. Simulation times varied between 50
and 250 ps. A cuto¡ distance of 14 Aî for non-bond-
ing interactions was used. Atoms within a range of
30 Aî around the non-heme iron center were allowed
to move freely, whereas atoms with a larger distance
from the non-heme iron center were ¢xed. Bond dis-
tances between hydrogens and heavy atoms were
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held constant using the SHAKE algorithm [26], al-
lowing the usage of an integration timestep of 0.001
ps. The X-PLOR topology and parameter ¢les
toph19.pro and param19.pro [27] were used for the
protein sections of the R. viridis RC. For the RC
cofactors the topology and parameter ¢les toph19.rcv
and param19.rcv [13], derived from toph19.chromo
and param19.chromo [28] by the addition of data
from small molecule X-ray crystallography, were
used, except for some modi¢cations in the partial
charges as speci¢ed below. Water molecules were
treated according to the TIP3P water model [29].
The ¢nal geometries were optimized by 200 addition-
al steps of Powell energy minimization [30].
2.2. Adiabatic mapping calculations
The UQ ring in the structures 1PRCnew [13] and
2PRC [13] was rotated around the axis C7^C6. The
isoprenoid tail atoms were neglected from C8 on-
wards, since the isoprenoid chain is considered to
have a high level of £exibility. Leaving it unrotated
would imply a rotation of the ring around the ¢rst
sigma bond (C7^C6), which is uncertain. Thus, a
UQ-0 model carrying a methyl group at the C7 po-
sition instead of the isoprenoid chain was used.
The UQ ring was rotated in steps of 20‡ and sub-
sequently ¢xed in space. By using 10 000 steps of
Powell energy minimization on the resulting struc-
tures, the protein structure was allowed to relax suf-
¢ciently to the possible strain imposed by the rota-
tion of the ring [30^32]. Mapping of the energy
curves of the QB transfer from the distal to the prox-
imal binding site was carried out by using 10 000
steps of Powell energy minimization on structural
‘snapshots’ taken as PDB formatted ¢les on the
path of the UQ movement from the distal to the
proximal binding site.
2.3. Partial charges of QA, QB, the non-heme iron
center and the glutamate cluster
Since a precise description of the electrostatic
forces on QB was considered crucial for this molec-
ular dynamics study, values for partial charges on
the non-heme iron center and the quinones in the
states QA, Q3A and QB were adapted from Rabenstein
et al. [33], providing data calculated at appropriate
quantum chemical levels as opposed to the approx-
imative original values in toph19.chromo [28]. The
protonation state of the glutamate cluster formed
by the protein residues H177, L212 and M234 was
modi¢ed according to the data calculated [34] for the
states QAQB and Q3AQB, respectively.
3. Results
3.1. Simulations with 1PRCnew and 1PRCflipnew as
starting geometry in the Q3A QB state of the RC
Simulations with the primary quinone reduced
(Q3A) started from the structure 1PRCnew in the
Q3AQB state, i.e. with the distally bound UQ ring
£ipped by 180‡ relative to the proximal ring plane,
showed a movement of the UQ toward the proximal
site, but did not lead to the geometry of proximal QB
binding as found in PDB entry 2PRC [13], to date
the most reliably de¢ned model for UQ bound to a
QB site [16]. Instead, the obtained ¢nal structure was
very similar to the ¢nal geometry reported for the
simulations of Grafton and Wheeler [19] for the R.
sphaeroides RC. We sought to improve our simula-
tion scheme by beginning from the alternative start-
ing geometry 1PRCflipnew.
In the model simulations based on 1PRCflipnew with-
out water molecules, the UQ molecule moved toward
the proximal binding site. The exact position and
orientation of UQ-2 at the proximal binding site
present in the crystal structure 2PRC were obtained
within 50 ps of simulation time (see Fig. 2a). The
transfer itself occurred within a time range of ap-
proximately 6 ps. The ‘snapshots’ from the trajectory
are displayed in Fig. 2b. Simulations that were
started from a more realistic structure with three
proximally bound water molecules in 1PRCflipnew also
led to a transfer of QB from the distal to the prox-
imal binding site. In these cases, the proximal bind-
ing site was reached within approximately 25 ps. The
quinone head group pushed the three water mole-
cules into a direction representing an extension of
the QB movement, leading to a slight distortion of
the protein structure at this site. None of the simu-
lations exhibited a UQ ring rotation in the region of
the binding pocket between the distal and proximal
sites within the time scale of the simulations.
BBABIO 45050 24-4-01 Cyaan Magenta Geel Zwart
U. Zachariae, C.R.D. Lancaster / Biochimica et Biophysica Acta 1505 (2001) 280^290 283
3.2. Simulations beginning with 1PRCflipnew and
1PRCnew in the neutral QAQB state
Molecular dynamics simulations beginning with
1PRCflipnew in the neutral QA state of the RC instead
of the Q3AQB charged state showed a di¡erence in the
dynamic behavior of QB during transfer from the
distal to the proximal site. Either QB reached a par-
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ticular position (position I1 ; see Fig. 2d) relatively
close to the distal binding site or it remained at I1
for approximately 20 ps before it moved further to
the proximal binding site. For these calculations, a
model without water molecules bound to the proxi-
mal site was used. In simulations started from
1PRCnew in the neutral state, the quinone head group
did not move to the proximal binding site. Instead, it
was transferred to a position close to the distal bind-
ing site (position I2 ; see Fig. 2e,f). Position I2 is
separated from the proximal binding site by a dis-
tance slightly greater than the 4.2 Aî to the distal
binding site. In order to explain this in terms of en-
ergy di¡erence, adiabatic mapping of structural
‘snapshots’ along the path of the UQ transfer in
the QAQB and Q3AQB states was performed. The re-
sults are shown in Fig. 3. However, adiabatic map-
ping usually overestimates energy di¡erences. The
high calculated values are therefore due to that
£aw; nevertheless the qualitative implication of the
calculated results is maintained.
Distal binding of QB is destabilized by the negative
charge on Q3A and the resulting protonation changes
by a calculated value of about 20 kcal/mol. The
transfer to the proximal binding site constitutes a
very favorable movement downhill on the energy
surface in the Q3AQB state. A shallow local minimum
is passed at a distance of approximately 3.5 Aî from
the distal binding site, which does not obstruct fur-
ther movement. The global energy minimum is
reached when QB binds to the proximal binding
site (on the right of Fig. 3).
In the QAQB neutral state of the RC, an energy
minimum close to the distal binding site, at a dis-
tance of about 1.2 Aî , is accessible for the QB mole-
cule, which corresponds to position I1. This mini-
mum lies about 40 kcal/mol lower in energy than
the energy value for proximal binding. The energy
for the proximal binding site itself does not di¡er
much from that calculated in the Q3AQB state. In
both cases, energy di¡erences are probably overesti-
mated by the applied method. Furthermore, the very
high energy value for distal binding is in part attrib-
uted to the omission of a surrounding membrane
(which could act to stabilize the isoprenyl tail at
this binding site), to the fact that the RC protonation
states used in the simulations were calculated with
proximally bound QB, and to the neglect of Z^Z
bonding interactions between the rings of QB and
Phe L216. Position I1 is stabilized by a small shift
of the imidazole ring of His L190, such that an H-
bonding interaction between UQ O4 and His NN can
exist as well as an only slightly weakened interaction
between the amide N of Ile L224 and UQ O2 (me-
thoxy) comparable to that present in distal binding.
3.3. Adiabatic mapping of UQ ring rotation
In all simulations, no indication of a rotation of
the quinone head group around the isoprenyl axis
Fig. 2. Structural results of the simulations. (a) Final structure obtained after 50 ps simulation time from 1PRCflipnew. The resulting ge-
ometry (C atoms in green) corresponds to 2PRC (C atoms in gray) almost exactly with regard to the UQ ring and protein matrix po-
sitions, minor deviations concerning the isoprenyl chain are related to the longer isoprenoid tail used for the QB substrate in the mo-
lecular dynamics simulations. (b) Intermediate positions of QB along the transfer path from the distal to the proximal binding site.
For clarity, only the carbonyl oxygen atoms and the carbon atoms constituting the quinone ring are shown. The £ipped distal posi-
tion (1PRCflipnew) is shown in black. The ‘snapshots’ were taken after 2.25 ps (C atoms in green), 4.25 ps (yellow), 4.75 ps (blue), 5.00
ps (pink), and 50.00 ps simulated time (gray). The ¢nal UQ position was reached after approximately 6.00 ps in the water-depleted
model (see text) and did not show extensive £uctuations from that time to the end of the simulation. (c) H-bonding interaction be-
tween His L190 NN and UQ carbonyl O4 transferred by a bridging water molecule, leading to the distinct energy minimum at a ring
rotational angle of 180‡, relative to the 1PRCnew model structure. This orientation corresponds to the model 1PRCflipnew. (d) Position
reached by QB after a simulation time of 50 ps for the neutral QA state based on the 1PRCflipnew starting geometry (position I1, C
atoms in green). In this state I1 constitutes the energy minimum on the path from the distal (C atoms in black) to the proximal bind-
ing site (C atoms in gray). (e,f) Views of site I2 (green UQ C atoms) reached by QB for the neutral QA state after a simulation time
of 50 ps from the distally bound QB from 1PRCnew as the starting geometry. (e) Comparison of the plane angles of position I2 (green
UQ ring) and 1PRCnew (distal binding site). A more quantitative comparison of the structures associated with 2PRC, 1PRCnew, I1,
and I2 in terms of atom^atom distances to speci¢c amino acid residues is available at http://www.mpibp-frankfurt.mpg.de/Vroy.lan-
caster/rc/bba2001/table.html.
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during the movement of QB was observed. The £at
shape of the binding pocket between the distal and
proximal binding sites apparently would not allow a
£ipping reaction without a large transient change in
the protein geometry of this region. On the relatively
short time scale of the calculated transfer between
the binding sites, such a process seems improbable.
However, the binding pocket widens toward the pro-
tein surface. This widening is already evident at pla-
ces near the distal binding site. In order to answer
the question whether a £ipping can take place at
those sites where QB is stabilized to remain for longer
time ranges, i.e. the distal and proximal binding sites
as well as positions I2 and I1, adiabatic energy maps
of UQ head group rotation were calculated.
All mapping calculations except those carried out
for proximally bound QB were based on the model
structure containing three water molecules at the
proximal binding site. The energy curve obtained in
the adiabatic mapping of UQ ring rotation at the
distal binding site in the neutral QA state exhibits
three distinct energy minima (see Fig. 4a). The global
minimum corresponds to a ring plane identical with
the plane described for the quinone head group at
the proximal binding site in 2PRC, which is also
identical with the quinone ring orientation in the
structural model 1PRCflipnew (rotational angle 180‡).
Additional minima exist at rotational angles of 60‡
and 140‡ relative to the original value in 1PRCnew,
with energy values 13 and 25 kcal/mol higher than
that for 180‡, respectively. Energy barriers to rota-
tion are generally very high, a conformational
change from the minimum position at 60‡ to the
global minimum at 180‡ is obstructed by an energy
barrier as high as 143 kcal/mol, making a ring rota-
tion impossible. Activation energies should be less
than around 12 kcal/mol to allow a ring isomeriza-
tion to occur within the time scale of electron trans-
fer from Q3A to QB (9 25 Ws). However, the calcu-
lated values are assumed to be overestimated by the
applied method. Sites with a signi¢cantly lower cal-
culated barrier to rotation will be described below. A
remarkable aspect is the absence of an energy mini-
mum at 0‡, i.e. for the original ring plane found for
1PRCnew.
An energy mapping for the same process in the
Q3AQB state reveals only one distinct energy mini-
mum at 180‡. From the global energy minimum at
180‡, an activation enthalpy of nearly 170 kcal/mol
would have to be surpassed in order to reach the
next local minimum. In both cases, the total energies
are dominated by the non-bonded interactions, i.e.
electrostatic and van der Waals energies. The deep
energy minimum at 180‡ is caused by a bridging
water molecule between the UQ carbonyl O4 and
His L190 NN (see Fig. 2c), transferring the strong
H-bonding interaction between these atoms present
at the proximal binding site to the distal site. This
bridging interaction is disturbed when a methoxy
group (O2, CM2) is located at the site of the carbon-
yl O4, as is the case for a rotational angle of 0‡ (as in
1PRCnew).
An adiabatic mapping of ring rotation at the prox-
imal binding site with the RC in the Q3A state also
Fig. 3. Energy map of QB positions with the UQ ring plane
corresponding to the 1PRCflipnew structure between the distal and
the proximal binding site in the charged Q3A state (open circles,
dashed line) and the neutral QA state (¢lled diamonds, solid
line). Since the trajectories di¡ered, certain values for the dis-
tance from the distal binding site on both curves do not repre-
sent the same QB position. Distances from the distal binding
site are approximate due to the non-linearity of the path. For
the same reason, the total distance is greater than 4.2 Aî . The
energy value of proximal QB binding in the Q3A state was set to
zero. Clearly visible is the energy minimum at position I1 for
neutral QA state which is not accessible for QB in the Q3A state.
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yielded very high energy barriers to rotation and the
expected global energy minimum at the quinone ring
orientation found in the 2PRC structure, which in
this case corresponds to a rotational angle of 0‡.
There is no local energy minimum at 180‡. The local
minimum existing for a rotational angle of 160‡ is
separated from the global minimum by a total energy
barrier of 165 kcal/mol, equally ruling out ring rota-
tion according to adiabatic mapping.
At sites I1 and I2, reached by QB in the case of
simulations with neutral QA from the structures
1PRCflipnew and 1PRCnew, respectively, rotational bar-
riers are signi¢cantly lower. Rotation at position I1 is
inhibited by an energy barrier of 43 kcal/mol (see
Fig. 4d). Energy mapping at position I2 revealed a
rotational barrier of only 24 kcal/mol (Fig. 4e). Es-
pecially for site I2, this value represents an activation
energy for ring rotation by 160‡ lowered by an order
of magnitude. It should be noted that at site I2 the
angle of 0‡ corresponds to a plane angle di¡ering by
approximately 40‡ from that found in 1PRCnew (cf.
Fig. 2f). Despite the fact that the energy curve for
rotation at that site exhibits a single minimum at an
angle of 0‡, this relatively low barrier to rotation is
remarkable. Due to the tendency of adiabatic map-
ping to overestimate energy di¡erences, the possibil-
ity of rotation at site I2, the ¢nal site of QB move-
ment from the distal site in 1PRCnew in our
simulations with neutral QA, cannot be excluded.
The main contribution to the comparably modest
barrier stems from the non-bonded interaction be-
tween CM2 (methoxy) of QB and the side chain of
Ile L229. Minor contributions result from the inter-
actions of CM5 (methoxy) of QB and the side chains
of Val L220 and Tyr L222. The energy curve exhibits
a larger barrier for a ring rotation from 160 to 360‡.
Fig. 4. Adiabatic energy maps of the UQ ring isomerization reaction. Calculated energies for rotation at the distal binding site,
(a) for neutral QA and (b) for Q3A. (c) Rotation at the proximal binding site (calculated for the Q
3
A state). Signi¢cantly lower energy
barriers were determined for rotation at (d) site I1 and (e) site I2 (neutral QA). Site I2 constitutes the sampled UQ position with the
lowest calculated rotational barriers.
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4. Discussion
Quinones are ubiquitous components of electron
transport chains in the energy-transducing mem-
branes of chloroplasts, mitochondria, and bacteria
[8,35]. They can act as mobile lipophilic electron
(and proton) carriers at branch points of electron
transport chains, connecting many di¡erent mem-
brane bound electron transfer complexes. The distri-
bution of quinones and their role in bacterial photo-
synthesis were reviewed by Parson [36] and Wraight
[37] with photosynthetic bacteria typically containing
25 quinone molecules per RC [36]. Results obtained
from the RCs of photosynthetic bacteria may be of
general importance for the elucidation of the quinone
binding mechanism of other membrane proteins.
The molecular dynamics simulations carried out
on the binding pocket of QB in the R. viridis RC in
this study show that movement of neutral UQ-7
from the distal to the proximal QB binding site is
spontaneous at T = 300 K in the RC of R. viridis
when the primary quinone is in the charged Q3A state
and the RC protein has undergone compensatory
substoichiometric proton uptake [34]. Earlier molec-
ular dynamics simulations performed by Grafton and
Wheeler [19] on the RC of R. sphaeroides resulted in
a structure in which the proximal QB position
reached from the distal binding site deviated signi¢-
cantly from that found in the crystal structure. A
similar ¢nal geometry was obtained in our simula-
tions from the 1PRCnew starting structure. However,
the proximal binding site of QB in the R. viridis RC
(occupied with UQ-2, PDB entry 2PRC) is crystallo-
graphically far more reliably de¢ned than the distal
binding site in 1PRCnew [16]. In our simulations
started from the alternative 1PRCflipnew model, the ob-
tained ¢nal structure was nearly identical to 2PRC.
The model 1PRCflipnew corresponds to the global en-
ergy minimum of quinone ring orientation at the
distal binding site in both the QAQB neutral and,
even more markedly, the Q3AQB RC redox states.
In the latter, it represents the single distinct energy
minimum.
The simulated transfer from the distal to the prox-
imal binding site took place without a simultaneous
ring £ip between these sites. Adiabatic energy map-
ping of the barriers to UQ ring rotation at the distal
and proximal binding sites shows that such an iso-
merization reaction is calculated to be very improb-
able at both sites on biological time scales. However,
the £ipped orientation of the ring at the distal bind-
ing site as compared to the proximal binding site was
reported in several independent previous crystallo-
graphic studies [13^15]. In the dynamics simulations
starting with 1PRCflipnew and 1PRCnew in the neutral
RC state, QAQB, QB moved to sites I1 and I2, re-
spectively. Both positions are located close to the
distal binding site. In the case of site I2 this move-
ment was accompanied by a change of the ring plane
by approximately 40‡. The calculated barrier to ring
rotation is signi¢cantly lower at both positions than
at either of the other QB binding sites. Especially at
site I2 it is calculated to be only 24 kcal/mol, for a
ring rotation by 160‡. Since this value is on the order
of the activation energy derived for a ring rotation
reaction on the time scale needed for the Q3ACQB
electron transfer and the used method is semiquanti-
tative, we suggest that a ring rotation might take
place at or close to site I2. A ring £ip at or near
this site would explain all of the experimental obser-
vations and the results from our dynamics simula-
tions. The distance from position I2 to the proximal
binding site is approximately 4.4 Aî . We assume that
the time scale of the £ipping process is too large to
reproduce it in the molecular dynamics simulations.
Adiabatic mapping of QB with the same ring plane
orientation as in the proximal site (1PRCflipnew) re-
vealed di¡erent minimum energy positions for QB
for the neutral QAQB and the Q3AQB RC redox
states. We suggest that the two di¡erent binding sites
for QB present in crystal structures [13,15] are due to
this di¡erence in the energy surface. The energy min-
imum for QB binding in the neutral QA state (start-
ing from 1PRCflipnew) is located approximately 1.2 Aî
from the distal binding site, whereas the energy mini-
mum in the case of the Q3A state is identical with the
proximal binding site. This leads to an enthalpic
preference of the proximal QB binding site over site
I1 only when QA is negatively charged. For neutral
QA, the proximal binding site is still accessible for the
QB substrate. The low energy gradient near the prox-
imal binding site makes it possible for QB to migrate
back to position I1. Only for the RC with reduced
Q3A is the proximally bound QB stabilized by a steep
energy barrier. The Q3A-induced enthalpic preference
of the proximal QB binding site over site I1 is corre-
BBABIO 45050 24-4-01 Cyaan Magenta Geel Zwart
U. Zachariae, C.R.D. Lancaster / Biochimica et Biophysica Acta 1505 (2001) 280^290288
lated with the substoichiometric proton uptake by
the cluster of three Glu residues (H177, M234,
L212 [34]) associated with the reduction of QA. The
‘outside negative’ electrostatic potential of the UQ
head group, arising mainly from the orientation of
the carbonyl groups, is compensated in the proximal
site by the orientation of the respective hydrogen
bond donors [13] and this substoichiometric proton
uptake. This e¡ect is even more pronounced upon
reduction of QB, causing the formation of Q3B to
be stabilized. The ¢nding here that the binding of
QB in the proximal site is already stabilized by the
events associated with QA reduction is most consis-
tent with the prediction from electron transfer theory
that the rate of electron transfer from Q3A to QB is
300-fold greater at the proximal binding site than at
the distal binding site, which would require QB to be
locked into the proximal site upon formation of Q3A
for e⁄cient onward electron transfer. It contrasts the
results of Alexov and Gunner [38], where QB is cal-
culated by multi-conformation continuum electro-
statics [39] to be still predominantly bound in the
distal position in the Q3AQB redox state, and only
in the QAQ3B state is it calculated to be predomi-
nantly bound to the proximal site. Our calculations
also suggest an explanation for the recent observa-
tion of predominantly proximally bound native QB
in a QA cofactor exclusion mutant of the R. sphae-
roides RC (PDB entry 1QOV [40]), where part of the
QA site is occupied by a chloride ion. We suggest this
chloride ion electrostatically mimics Q3A, thus leading
to predominantly proximal binding of QB as outlined
above.
The obtained results from our simulations and
adiabatic mapping calculations lead us to the conclu-
sion that the proximal binding position of QB is
reached from the distal binding site in the preferred
QB ring orientation corresponding to 1PRCflipnew. We
suggest that a geometry similar to 1PRCflipnew is ob-
tained from 1PRCnew after movement of the UQ to
position I2 in the neutral state of the RC (QAQB), the
subsequent occurrence of a ring £ip at this site, and
back transfer to the distal binding site. On the basis
of our calculations, the distally bound QB observed
in the crystal structures 1PRCnew, 1PCR and 1AIJ
can be interpreted as unproductively bound quinone
which must undergo ring £ipping most probably at a
position similar to site I2 before it can be reduced at
the proximal site.
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